Organelles of the neuronal secretory pathway are critical for the addition of membrane that accompanies neuronal development, as well as for the proper localization of plasma membrane proteins necessary for polarity, synaptic transmission, and plasticity. Here, we demonstrate that two organizations of the secretory pathway exist in neurons: one requiring processing of membrane and lipids in the Golgi complex of the cell body and one in which endoplasmic reticulum (ER)-to-Golgi trafficking is localized to dendrites. Using timelapse imaging of green fluorescent protein-tagged cargo proteins and compartment markers, we show that organelles of the secretory pathway, including ER, ER exit sites, and Golgi, are present and engage in trafficking in neuronal dendrites. We find that ER-to-Golgi trafficking involves highly mobile vesicular carriers that traffic in both the anterograde and retrograde directions throughout the dendritic arbor. Dendritic Golgi outposts, which appear developmentally during the phase of process outgrowth, are involved in the trafficking of both integral membrane proteins and the secreted neuronal growth factor BDNF. This distributed dendritic Golgi represents an organization of the secretory pathway unique among mammalian cells.
Introduction
The addition of plasma membrane that accompanies polarization and process outgrowth is a fundamental task of the developing neuron (Futerman and Banker, 1996; Lecuit and Pilot, 2003) . Both the addition of membrane and the localization of membrane constituents are dependent on the secretory pathway, the series of intracellular organelles consisting of the endoplasmic reticulum (ER), ER-Golgi intermediate compartment, and cis-, medial-, and trans-Golgi, which are specialized for the synthesis, targeting, and delivery of new membrane lipids and proteins (Nelson and Yeaman, 2001; Stephens and Pepperkok, 2001; Storrie and Nilsson, 2002) . Despite a likely central role in neuronal morphogenesis and membrane trafficking, very little is known about the distribution, function, and regulation of secretory organelles or secretory transport pathways in neurons.
In non-neuronal cells, the organelles of the secretory pathway have a highly conserved spatial organization (Hirschberg et al., 1998; Hong, 1998; Lippincott-Schwartz et al., 2000; Antonny and Schekman, 2001 ). The ER extends throughout the cell, as do specialized ER exit sites, where coat protein complex II-coated vesicles containing nascent cargo bud off en route to the Golgi complex (Kuehn and Schekman, 1997; Stephens et al., 2000; Antonny and Schekman, 2001; Baumann and Walz, 2001 ). On emerging from ER exit sites, secretory carriers traffic centripetally to a perinuclear Golgi apparatus, in which protein processing and sorting occurs. Subsequently, post-Golgi carriers deliver their contents to the plasma membrane (Presley et al., 1997; Hirschberg et al., 1998) . Although well established in model eukaryotic cells, it is unclear whether this canonical organization applies to neurons, given their immense size and surface area and their unique morphology and signaling requirements.
Recent studies suggest the presence of local dendritic secretory capacity. For example, trans-Golgi network-derived vesicles undergo calcium-evoked dendritic exocytosis (Maletic-Savatic and Malinow, 1998) , and newly inserted glycine receptors and glutamate receptors appear rapidly on the surface of dendrites (Passafaro et al., 2001; Rosenberg et al., 2001) . Such receptors may derive from dendritic membrane compartments immunopositive for secretory proteins (Pierce et al., 2000 (Pierce et al., , 2001 . Moreover, isolated dendrites retain the capacity to incorporate sugars (Torre and Steward, 1996) and translate membrane protein-encoding mRNAs (Kacharmina et al., 2000) , consistent with Golgi-like function. Yet, whether the entire ER-to-Golgi secretory pathway or just late-stage post-Golgi vesicles contribute to dendritic secretory trafficking remains poorly understood.
In this study, we have used live-cell confocal imaging experiments along with immunocytochemistry in cultured hippocampal neurons to define the secretory pathway in dendrites. We demonstrate that newly synthesized membrane proteins concentrate at punctate immobile ER exit sites present throughout the dendrite, from which they bud into highly mobile carriers. These carriers then traffic either long distances to fuse with somatic Golgi or traffic locally to fuse with numerous distributed den-dritic Golgi outposts. These dendritic Golgi outposts are used not only by integral membrane proteins, but also by the secreted neuronal growth factor BDNF. Furthermore, the appearance of dendritic Golgi is developmentally regulated during the period of polarization and process outgrowth. These results reveal a novel distributed organization of the secretory pathway unique among mammalian cells.
Materials and Methods
DNA constructs. cDNA-encoding vesicular stomatitis virus glycoprotein ts045 fused to yellow-fluorescent protein (VSVG-YFP) (Toomre et al., 2000) was a gift from Kai Simons (Max-Planck-Institute of Molecular Cell Biology and Genetics, Dresden, Germany). ER-cyan fluorescent protein (CFP) and galactosyltransferase (GalTase)-CFP were obtained from Clontech (Palo Alto, CA). Sec24-YFP (Stephens et al., 2000) was a gift from Jean-Pierre Paccaud (University of Geneva, Geneva, Switzerland). BDNF-GFP was a gift from Bai Lu (National Institutes of Health, Bethesda, MD).
Neuronal culture and transfections. Primary cultures of hippocampal neurons were obtained from rat embryos at embryonic day 18. The entire hippocampus was isolated and dissociated with trypsin, and cells were plated at 60,000 cells/cm 2 in Neurobasal medium (Sigma, St. Louis, MO) supplemented with B27, glutamax I, 5% bovine serum, and 1 g/ml gentamicin. 5-Fluorouracil deoxyribonucleoside (10 M) was added 6 -7 d after plating, and cells were fed twice weekly thereafter with Neurobasal medium prepared as above but without bovine serum. Hippocampal neurons were grown at 37°C in 5% CO 2 on coverslips coated with poly-D-lysine (Sigma). Neurons were transfected with Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to manufacturer's recommendations, except that 1.5 g of each DNA in 25 l Opti-MEM and 1 l of Lipofectamine 2000 in 25 l Opti-MEM were mixed and added to coverslips in 12-well plates.
Immunocytochemistry. Immunocytochemistry was performed on hippocampal neurons using monoclonal antibodies against GM130 (Transduction Laboratories, San Diego, CA) and VSVG (a gift from Douglas Lyles, Wake Forest University, Winston-Salem, NC), and polyclonal antibodies against Sec13 (a gift from Wanjin Hong, National University of Singapore, Singapore) and Shank, a marker of excitatory synapses concentrated in dendritic spines (a gift from Eunjoon Kim, Korea Advanced Institute of Science and Technology, Daejeon, Korea). For GM130 staining, coverslips were processed essentially as described previously (Scott et al., 2001) . For VSVG surface labeling, coverslips were processed as for GM130 staining, except that cells were not permeabilized with Triton X-100. For Sec13 staining, coverslips were processed as described previously (Hammond and Glick, 2000) , with the following modifications. Briefly, coverslips were rinsed with PBS and fixed in ice-cold methanol for 2 min. Cells were rehydrated in PBS, pH 7.4, plus 0.1% N-octyl-␤-Dglucopyranoside containing 100 M bis(sulfosuccinimidyl) suberate (Pierce Chemical, Rockford, IL) , for 30 min at room temperature. Cells were then quenched in 0.1% ethylenediamine-HCl, pH 7.5, for 15 min. Coverslips were blocked for 1 hr at 37°C in a buffer of 1% fish gelatin (Sigma, St. Louis, MO), 1% powdered milk, and 1% goat serum in PBS. Cells were then stained in blocking buffer at 4°C overnight. Sec13 antibody was used at a concentration of 0.02 mg/ml. Coverslips were rinsed several times with blocking buffer, and secondary staining was performed in blocking buffer for 1 hr at room temperature. Cells were then rinsed and mounted. For Shank staining, cells were fixed in 4% paraformaldehyde with 4% sucrose, and then permeabilized in 100% ice-cold methanol before blocking and staining.
Live-cell imaging. Twenty-four to 48 hr after transfection, coverslips were imaged in a sealed chamber (Dagan, Minneapolis, MN) filled with imaging buffer consisting of the following (in mM): 120 NaCl, 3 KCl, 2 CaCl 2 , 2 MgCl 2 , 10 glucose, and 10 HEPES, pH 7.35, and 250 mOsm to match culture growth medium. Wide-field epifluorescence images were acquired on a Nikon (Tokyo, Japan) TE300 inverted microscope. Confocal images were obtained using a Yokogawa spinning disk confocal (Solamere Technology Group, Salt Lake City, UT), with excitation lines from a 2.5 W Kr-Ar laser (Spectraphysics, Mountain View, CA) selected and shuttered via an acousto-optical tunable filter (Neos Technologies, Melbourne, FL) and emission directed through a filter wheel (Sutter Instruments, Novato, CA) holding bandpass filters (Chroma Technology, Brattleboro, VT). Images were acquired using a 100ϫ or 60ϫ Plan Apochromat objective and analyzed using Metamorph (Universal Imaging, West Chester, PA) with a 12-bit cooled CCD camera (Hamamatsu Inc., Bridgewater, NJ). All live imaging experiments were performed at 32°C. The stage was heated to 32°C using an airstream incubator (Nevtek, Burnsville, VA).
Analysis of carrier trafficking. The locations of VSVG-GFP carriers were tracked through stacks of images by marking the point of maximum intensity within each spot. Coordinates were recorded using the point tracker feature in Metamorph. Trajectories were then plotted using Origin (Microcal Software, Northampton, MA) and overlaid onto the image of the corresponding neuron. Carrier lifetime was defined as the point at which a carrier first appeared to when it was no longer evident, whether because it left the image frame or it merged with another structure.
Analysis of carrier budding. Average fluorescence in a region of constant area was tracked for VSVG-GFP-and Sec24-YFP-labeled puncta. Fluorescence was normalized to the average intensity of a region of the same size in a background region of the same frame.
Analysis of Golgi development. Maximum point projections were created of stacks of confocal images through entire neurons. Regions labeled for GM130 were manually traced. Golgi size was defined as the area of these GM130-labeled regions. Neurons with dendritic Golgi were defined as those that had any GM130 detectable beyond the neuronal soma.
Colocalization of VSVG-YFP and GalTase-CFP. Fluorescence intensity was determined for points along a linear region, five pixels in width, drawn down the length of the dendrite. These intensity values were plotted versus dendritic length, such that peaks on the plot indicate points of fluorescence accumulation. Values were background-subtracted and normalized. The extent of correlation between pixel intensities of each of the two fluorophores, YFP and CFP, was then calculated as a linear regression.
Statistical analysis. Error bars represent SEM. Statistical comparisons were t tests.
Results

Monitoring ER-to-Golgi trafficking in dendrites
To monitor trafficking optically through the early secretory pathway in neuronal dendrites, we used the temperature-sensitive mutant of the vesicular stomatitis virus glycoprotein (ts045), tagged with spectral variants of green fluorescent protein (VSVG-GFP) as a representative and classically studied membrane cargo protein (Bergmann, 1989; Presley et al., 1997; Hirschberg et al., 1998; Toomre et al., 2000) . VSVG-GFP is misfolded and retained in the ER when expressing cells are incubated at the nonpermissive temperature (39.5°C). On shifting to the permissive temperature (32°C), VSVG-GFP correctly folds, rapidly exits the ER, and traffics to the Golgi (Presley et al., 1997; LippincottSchwartz et al., 2000) . This temperature-dependent trafficking allows for direct visualization of a synchronous wave of newly synthesized membrane proteins through the secretory pathway in live neurons.
When neurons expressing VSVG-GFP were incubated at 39.5°C to accumulate VSVG in the ER, VSVG-GFP distributed throughout the dendrites and soma (Fig. 1 A) . This distribution was identical to the widespread ER distribution of both endogenous and exogenous ER resident proteins, including BiP, calnexin, Trap␣, and protein disulfide isomerase (data not shown). Moreover, no VSVG-GFP was detectable at the cell surface (data not shown), confirming that at 39.5°C, VSVG was trapped in the neuronal ER. After 2 hr at the permissive temperature of 32°C, surface labeling using an antibody against the luminal epitope of VSVG (Lefrancois and Lyles, 1982) revealed surface expression both on the neuronal soma ( Fig. 1 B) and the dendrites (Fig. 1C) . We observed no discernible effect of temperature switch on neuronal morphology, health, or survival (data not shown). Thus, as VSVG-GFP progressed from the earliest secretory compartment, the ER, to the plasma membrane, it served as a useful representative membrane cargo protein to study secretory pathway dynamics in living neurons.
In neurons imaged live immediately after release from the 39.5°C block, VSVG-GFP had a lacy, diffuse distribution, labeling the ER throughout the dendrites ( Fig.  1 D, top) . Within minutes after switching to 32°C, VSVG-GFP accumulated into scattered, uniformly sized puncta ( Fig.  1 D, middle) . By 15 min after release from the ER, VSVG-GFP was present in many highly mobile tubulovesicular carriers present throughout the dendritic arbor ( Fig. 1 D, bottom) . To track the movement of individual carriers, time-lapse experiments were performed and the resulting trajectories were overlaid on images of dendrites. Such analysis revealed that early post-ER carriers traffic in both anterograde and retrograde directions ( Fig. 1 E) . Figure 1 F shows frames from a typical time-lapse experiment of VSVG-GFP in a hippocampal dendrite within the first 15 min after release from the ER. In this example, a carrier ( Fig. 1 F, arrowhead) transported VSVG-GFP along a curvilinear path toward the neuronal soma. In the final frame, the carrier merges with the stable, stationary structure in the proximal dendrite ( Fig.  1 F, arrow) . The total fluorescence of the carrier remained constant, and it moved as a single structure without branching or dividing, suggesting that mobile carriers retain their identity during long-range transport. These data indicate that VSVG-GFP is transported from the ER in carriers that traffic bidirectionally within the dendrites. Such bidirectional traffic of pre-Golgi carriers is inconsistent with a single centralized Golgi destination, and it is in marked contrast to the highly directional centripetal transport of pre-Golgi carriers in nonneuronal cells (Hong, 1998; Klumperman, 2000; LippincottSchwartz et al., 2000) .
Functional ER exit sites in distal dendrites
Before leaving the ER proper, cargo accumulates at ER exit sites (Hong, 1998; Klumperman, 2000; Lippincott-Schwartz et al., 2000) . Such sites are characterized by the presence of COPII coat proteins that mediate vesicle budding (Kuehn and Schekman, 1997; Tang et al., 1997; Kirchhausen, 2000) . The appearance of a punctate concentration of VSVG-GFP 5 min after removal of the 39.5°C block (Fig. 1 D) is reminiscent of cargo concentrating at ER exit sites before budding off into carriers destined for the Golgi complex (Stephens et al., 2000) . To determine whether ER exit sites are present in neuronal dendrites, we examined the distribution of both endogenous and exogenous COPII proteins. Immunocytochemical staining for the COPII protein Sec13 revealed numerous uniformly sized puncta distributed throughout the dendrites (Fig. 2 A, top). Sec13 colocalized with exogenously expressed Sec24-YFP ( Fig.  2 A, middle and bottom), another component of the COPII coat that labels ER exit sites in live cells (Stephens et al., 2000) . Time-lapse imaging of Sec24-YFP indicated that dendritic ER exit sites are stably localized and seldom appear or disappear on the time scale of minutes (Fig. 2 B) .
To determine whether COPII-laden dendritic ER exit sites concentrate cargo, neurons expressing both VSVG-CFP and Sec24-YFP were imaged 5 min after release from 39.5°C block (Fig. 2C) . At this time, VSVG-CFP accumulated at discrete spots throughout the dendrite labeled by Sec24-YFP (Fig. 2C) , providing strong evidence that these puncta are bona fide dendritic ER exit sites. The functionality of these dendritic ER exit sites was confirmed in two-color confocal time-lapse imaging experiments of neurons coexpressing VSVG-CFP and Sec24-YFP. Within 5 min after the release from the 39.5°C block, VSVG-CFP entered ER exit sites identified by Sec24-YFP (Fig. 2 D) . In subsequent frames of the time lapse, VSVG-CFP-laden carriers repeatedly budded off from the initial point of concentration and traveled away from the exit site (Fig. 2 E) . After each budding event, some VSVG-CFP fluorescence remained behind and subsequently accumulated at precisely the same point (Fig. 2 E,F ) . The oscillating changes in fluorescence corresponding to fluorescence loss during budding events and fluorescence increases during cargo accumulation are quantified in Figure 2 F. Similar fluorescence fluctuations indicative of budding events were observed at Figure 1 . Secretory cargo exits the neuronal ER via vesiculotubular carriers that traffic bidirectionally in dendrites. A, After incubation for 24 hr at 39.5°C, VSVG-YFP has a diffuse somatodendritic distribution and colocalizes with ER resident proteins (data not shown). Scale bar, 10 m. B, A confocal slice through the soma of a neuron expressing VSVG-GFP after 2 hr at 32°C. Total VSVG-GFP is shown in green, whereas surface staining using a luminal antibody against VSVG is shown in red. Arrows indicate surface VSVG-GFP. Scale bar, 5 m. C, Surface labeling of VSVG-GFP in neuronal dendrites after 2 hr at 32°C. Total VSVG-GFP is shown in green, whereas surface VSVG-GFP is shown in red. Scale bar, 5 m. D, VSVG-GFP distributes diffusely throughout the ER in hippocampal neuron dendrites (15 DIV) after incubation at 39.5°C (top). Five minutes after the switch to 32°C, VSVG-GFP accumulated in punctate, stationary structures in the dendrite (middle, arrowheads). After 15 min at the permissive temperature, VSVG-GFP is present in highly mobile vesiculotubular carriers throughout the dendrite (bottom, arrowheads). In all figures, fluorescence has been inverted so that fluorescent structures appear dark, and time is indicated as minutes:seconds after the switch to 32°C. Scale bar, 1 m. See supplemental movie S1 (available at www.jneurosci.org) for time lapses. E, Vesicle trajectories plotted on the dendrite of a hippocampal neuron during the first 15 min after release of VSVG-GFP from the 39.5°C block. The highly mobile vesiculotubular carriers trafficked in both the anterograde (yellow tracks) and retrograde (red tracks) directions. The cell soma is at the right. Scale bar, 5 m. See supplemental movie S2 (available at www.jneurosci.org) for time lapses. F, Successive frames of a time-lapse imaging experiment show a single vesiculotubular carrier (arrowhead) trafficking VSVG-GFP in the direction retrograde to the neuronal soma. The carrier follows a curvilinear path until it reaches the persistent fluorescent structure at the top of the frame (arrow). The carrier then merges with this structure, presumably Golgi. Scale bar, 2.5 m. See supplemental movie S3 (available at www.jneurosci.org) for time lapses.
every stable ER exit site examined during the early phase (5-20 min) of secretory trafficking (n ϭ 5 neurons, 20 exit sites). These data indicate that the cargo at an ER exit site does not leave in a single event, but rather is concentrated and available for multiple rounds of export as a series of carriers bud from the site. Furthermore, these experiments show that dendritic ER exit sites are stable, stationary ER subdomains that are functional components of the neuronal secretory pathway. Finally, these findings demonstrate that cargo carriers can originate at ER exit sites dispersed throughout the dendrite.
Post-ER compartments in dendrites differ in mobility and directionality
An analysis of the secretory trafficking events that occurred after release of VSVG-GFP from the 39.5°C block revealed two phases of post-ER trafficking. Within the first 5 min, VSVG-GFP initially present throughout the diffuse ER (Fig.  3A) accumulated at ER exit sites and budded into highly mobile carriers as described above. These carriers trafficked bidirectionally in dendrites (Fig. 1 E) , with a quantitative bias toward retrograde transport (Fig. 3A,C,F ) . Within 20 min, VSVG-GFP began to accumulate within perinuclear Golgi structures in the cell soma (Fig.  3B) , consistent with the trafficking kinetics of VSVG in non-neuronal cells (Presley et al., 1997; Hirschberg et al., 1998) . Surprisingly, in many neurons VSVG-GFP was also present in punctate structures throughout the dendrites at times when VSVG is known to concentrate in the Golgi (20 -40 min) (Presley et al., 1997) (Fig. 3B) . Given that these puncta could represent either trafficking ER-to-Golgi carriers, dendritic Golgi, or possibly postGolgi transport carriers, a detailed study of these structures was performed to differentiate these populations.
Thirty-eight carriers from neurons expressing VSVG-GFP were examined during the time window from 0 to 20 min after the release from the 39.5°C block. These early phase carriers exhibited saltatory movement, being stationary for 15-30 sec before moving rapidly (0.5-1.0 m/sec) along the dendrite. Carrier trajectory plots revealed movement in both the anterograde and retrograde directions, with quantitative bias toward retrograde transport (26 of 38 carriers moved inward) (Fig.  3C,F ) . Plots of the lifetimes of these carriers, in which the length of the bar represents the lifetime of one carrier and the position of the bar indicates the time over which the carrier was evident, re- Frames showing the budding event in the VSVG-CFP channel are presented. In each frame, the arrowhead labels the stationary ER exit site, whereas the arrow labels transport vesicles budding from that site and trafficking to the left of the frame, toward the neuronal soma. Frames were acquired every 9 sec. Scale bar, 1 m. See supplemental movie S5 (available at www.jneurosci.org) for time lapses. F, Quantitative analysis of VSVG-CFP and Sec24-YFP fluorescence intensity at an ER exit site. Although the Sec24-YFP fluorescence merely declines monotonically because of photobleaching (red), the VSVG-CFP fluorescence (green) fluctuates as vesicles repeatedly bud from the ER exit site and additional cargo accumulates. Loss of fluorescence because of budding events (arrows) are interleaved by periods of additional accumulation of VSVG-CFP at the site (arrowheads). The period encompassing the budding event in E is marked by the asterisk.
vealed that these carriers form and disappear throughout this early phase of post-ER trafficking (Fig. 3C ). Most importantly, the lifetime of early phase carriers was short (Fig. 3E) , averaging 2.2 Ϯ 0.2 min, because they frequently merged with larger structures or disappeared into the much brighter neuronal soma.
The behavior of VSVG-GFP-labeled structures within the time window from 20 to 38 min, when VSVG-GFP concentrates within the Golgi, was strikingly different from the carriers appearing earlier. In contrast to the high mobility and shorter lifetime of the early phase ER-to-Golgi carriers (Fig. 3C) , later-phase structures were frequently stable and stationary for much longer periods (Fig. 3D) . Although only one VSVG-GFP-labeled puncta was entirely stationary during the early phase (Fig. 3C,F ) , 13 of the 49 carriers followed were stationary during later intervals (Fig. 3D,F ) . The trajectories of these late-phase carriers revealed a widespread distribution of these stationary accumulations of VSVG-GFP throughout the dendrites (Fig. 3B) . Notably, latephase VSVG-GFP carriers were also much more stable than early phase carriers. On average, the lifetime of these late-phase puncta was more than three times greater than the earlier, more highly mobile carriers (6.5 Ϯ 0.5 min) (Fig. 3E) . Thus, post-ER traffic in dendrites consists of at least three kinetically distinguishable populations of vesicles/carriers that differ in both mobility and lifetime. Moreover, these data indicate that secretory cargo accumulates at both somatic and dendritic locations after release from the ER.
Distributed Golgi outposts in distal dendrites
The presence of VSVG-GFP in punctate structures throughout the dendrites at times when VSVG-GFP is known to accumulate in the Golgi (Presley et al., 1997 ) (see also Fig. 3B ) raised the possibility that these structures represent dendritic Golgi. We investigated whether dendrites contain Golgi by staining for the endogenous Golgi matrix protein GM130 (Fig. 4 A) (Nakamura et al., 1995) . In all neurons, GM130 was present as a convoluted complex in the cell soma (Fig. 4 A, top) . In many cells, we also saw GM130 in the proximal dendrite (Fig. 4 A, top) , either as an obvious extension of somatic Golgi or as a seemingly discrete Golgi fragment. This result is in agreement with previous immunocytochemical data identifying Golgi structures in proximal neuronal dendrites (Krijnse-Locker et al., 1995; Torre and Steward, 1996) . However, we also found that in many neurons, GM130 marked structures much farther out in dendrites. Bright GM130- labeled structures were frequently present up to 100 m from the neuronal soma and appeared to be discontinuous from somatic Golgi (Fig. 4 A, bottom, B, top) . These structures varied in shape from oblong to more punctate, and ranged in size between 1 and 4 m in diameter These structures were usually located in the dendritic shafts, with no obvious relationship to excitatory synapses on dendritic spines, as marked by staining for the synaptic protein Shank (Fig. 4 B) .
To test whether the distributed outposts of Golgi matrix in dendrites were associated with enzyme-containing Golgi membranes, we expressed galactosyltransferase, a well characterized resident Golgi enzyme, tagged with cyan fluorescent protein (GalTase-CFP) (Cole et al., 1996) . Like GM130, GalTase-CFP marked a convoluted Golgi in the cell soma, and frequently labeled structures in the immediately proximal dendrites (Fig. 4C,  top) . However, much like GM130, GalTase-CFP was also present as distributed punctate structures in dendrites of a subset of neurons (Fig. 4C, bottom) . These structures were most common in the proximal dendrites, but were also present more distally in secondary and tertiary dendrites. In sharp contrast, no Golgi structures were observed in axons (data not shown). Together, these data provide strong evidence for discrete, discontinuous, distributed Golgi elements in distal dendrites.
Dendritic Golgi outposts receive early secretory cargo
Small Golgi fragments are sufficient to produce a functional secretory system (Pelletier et al., 2000) . To determine the functionality of Golgi outposts in dendrites, we expressed VSVG-GFP in hippocampal neurons and allowed forward trafficking for 20 min at a permissive temperature. As above (Fig. 3B) , by 20 min VSVG-GFP accumulated into stable, stationary compartments in neuronal dendrites (Fig. 5A) . In all cases, these dendritic VSVG-GFP compartments colocalized with the Golgi matrix protein GM130 (Fig. 5A) . Moreover, colocalization of VSVG with Golgi markers was also observed in living neurons expressing both VSVG-YFP (20 min at 32°C) and GalTase-CFP (Fig. 5B) .
To visualize cargo transport into dendritic Golgi directly, twocolor time-lapse imaging was performed on hippocampal neurons expressing VSVG-YFP and GalTase-CFP. After prolonged incubation at 39.5°C, VSVG-YFP localized to diffuse distributed ER in dendrites, whereas GalTase-CFP labeled numerous round or elongated Golgi outposts throughout the dendritic length (Fig.  5C ). After 20 min at 32°C, the distribution of GalTase-CFP was essentially unchanged (Fig. 5D, bottom, arrows) . However, the distribution of VSVG-YFP changed dramatically over this period, becoming concentrated in the structures labeled positive for GalTase-CFP (Fig. 5D, top, arrows) . Furthermore, rapid timelapse imaging frequently captured the merging of mobile VSVGladen transport carriers with stationary collections of cargo indicative of dendritic Golgi (Fig. 5E) .
The time-dependent increase in colocalization between newly released VSVG-YFP and GalTase-CFP was evident when the fluorescence intensity along the length of the dendrite was plotted for each fluorophore (Fig. 5F,G) . Initially, there was little coincidence of intensity peaks for VSVG-YFP and GalTase-CFP (Fig.  5F ). However, 30 min later, VSVG-YFP fluorescence appeared in peaks threefold to fourfold more intense than the diffuse pattern at time 0 (Fig. 5G) , indicating that VSVG-YFP had accumulated into specific dendritic regions over time. A comparison of the VSVG-YFP and GalTase-CFP plots after 20 min showed that nearly every point of VSVG-YFP accumulation corresponded to a position along the dendrite at which GalTase-CFP was localized (Fig. 5G) . Spatial pixel intensity correlation plots revealed that, although initially little correlation existed between VSVG-YFP and GalTase-CFP pixel intensity values (Fig. 5H ) , after 20 min the correlation between the two proteins increased significantly (Fig. 5I ) . Finally, although the relative sizes of the GalTase-CFP peaks varied somewhat over time, the position of these peaks did not (Fig. 5, compare F and G) . This is consistent with the observed stationary nature of dendritic Golgi over time (Fig. 5C,D) . In summary, these findings demonstrate that the requisite machinery exists for ER-to-Golgi trafficking in neuronal dendrites and that this machinery is competent for cargo transport.
The secreted neurotrophic factor BDNF uses both somatic and dendritic Golgi
The dendritic release of soluble growth factors is thought to mediate local signaling and morphological regulation (Yacoubian and Lo, 2000; Danzer et al., 2002; Horch and Katz, 2002) . Having shown that the integral membrane protein VSVG-GFP is trafficked to both somatic and dendritic Golgi (Fig. 5) , we sought to determine whether secreted proteins also use dual modes of ERto-Golgi transport. To this end, we expressed a GFP fusion of the brain-derived neurotrophic factor (BDNF) (Egan et al., 2003) and examined ER-to-Golgi trafficking in hippocampal neurons. At steady state, BDNF-GFP is present throughout the neuronal soma and dendrites, where it occupies punctate vesicular structures (Fig. 6 A) . To accumulate newly synthesized BDNF-GFP in the neuronal Golgi, we used a 20°C temperature block, which prevents budding of cargo from the Golgi (Matlin and Simons, 1983) . After a 3 hr incubation at 20°C, BDNF-GFP showed extensive colocalization with GM130 in the neuronal soma (Fig.  6 B) , as well as in Golgi outposts in distal dendrites (Fig. 6C) . These data show that, as with integral membrane proteins, secreted proteins use both somatic and distributed dendritic secretory elements.
Developmental expansion and partitioning of neuronal Golgi
Although distal dendritic Golgi outposts were present in a subset of neurons, they were not a universal phenomenon in all neurons or all dendrites. To determine the origin of dendritic Golgi outposts, we performed a study of Golgi morphology in developing neurons by staining for GM130 in cultured neurons of various ages in vitro. The growth of neurons in culture is a well described phenomenon and is known to proceed through stages analogous to neuronal growth in vivo (Dotti et al., 1988) . At very early stages of development [1-2 d in vitro (DIV)], neurons have not yet begun to extend processes. At this stage, neuronal Golgi were present as single small (ϳ9 m 2 ) perinuclear structures with a compact morphology (Fig. 7A, top left, C,D) , very similar to the Golgi complex of typical non-neuronal cell types (Shorter and Warren, 2002) . During the subsequent period of neuronal growth and differentiation, the Golgi underwent marked expansion (Fig. 7A-D) . Quantitative morphometry revealed a 10-fold increase in Golgi apparatus size over the first 12 DIV (Fig. 7D) , at which time the Golgi reached its mature mor- phology (Fig. 7C) . Interestingly, dendritic Golgi outposts first appeared after 3 DIV and steadily increased up to 12 DIV, a time at which neurons are undergoing rapid process outgrowth and synaptogenesis (Dotti et al., 1988) . In some cells, the dendritic extension was obviously a continuation of somatic Golgi. However, in other neurons, the dendritic Golgi appeared as discrete fragments discontinuous from the neuronal soma (Fig. 7A, bottom, C) . In mature neurons (27 DIV), the large surface area, as well as the dendritic Golgi outposts, were maintained (Fig. 7B,E) . Golgi structure and distribution was unaffected by the presence or absence of serum or contacting astrocytes (data not shown). Together, these results demonstrate a marked expansion and partitioning of the Golgi apparatus during neuronal development, and suggest that spatial restriction of secretory organelles occurs as dendrites differentiate.
Discussion
Here we report dual modes of early secretory traffic in neurons. Figure 8 summarizes these results in a model of the neuronal secretory pathway.
(1) In all neurons, cargo buds from the ER at specialized ER exit sites, located in both the soma and dendrites, and traffics to the neuronal Golgi. (2) In a subset of neurons, Golgi is present only in the neuronal soma, necessitating longrange inward trafficking of pre-Golgi carriers (long-range ER-toGolgi transport). (3) Other neurons have, in addition to somatic Golgi, dendritic Golgi structures that function in secretory trafficking (local ER-to-Golgi transport). Dendritic ER exit sites and Golgi compartments function in secretory trafficking in parallel with the somatic Golgi, and are thus positioned to serve particular dendritic regions or sets of synapses.
Dendritic Golgi outposts are novel components of the secretory pathway A principal finding from the current study is the observation that many neurons possess both somatic Golgi and discrete, discontinuous Golgi-type structures located far into the dendrites. These dendritic Golgi outposts possess both matrix and enzyme components, and function similarly to the somatic Golgi in the transport of VSVG and BDNF. In other mammalian cells, the Golgi consists of a series of interconnected, flattened cisternae that are located in the perinuclear region (Rambourg and Clermont, 1990 ). Here we have shown that this core organization is present in neurons, but, in addition, many neurons possess discrete packets of Golgi throughout neuronal dendrites. This distributed network of secretory organelles may allow for more localized control over protein sorting and membrane composition than would be conferred if Golgi were concentrated solely in the cell body. Dendritic Golgi outposts are much smaller, at 1-4 m across, than somatic Golgi, which may have a surface area of tens of micrometers. It is possible that, given their small size, dendritic outposts are specialized to process only a subset of neuronal proteins. However, as only a minute fraction of Golgi is necessary to restore full secretory capability in transected cytoplasts (Pelletier et al., 2000) , it seems likely that dendritic Golgi outposts provide dendrites with substantial secretory capacity. Previous ultrastructural studies have reported membranes analogous to Golgi cisternae within the spines of distal dendrites (Pierce et al., 2000 (Pierce et al., , 2001 . In our experiments, we observed dendritic Golgi exclusively within dendritic shafts. Several possibilities exist for this difference. Because our experiments are at the light microscopic level, it is possible that minute Golgi fragments beyond the limits of resolution are present in dendritic spines. Alternatively, because Golgi membrane and proteins are known to cycle between the ER and Golgi (Cole et al., 1998) , membranes labeled for markers of these compartments in spines could represent carriers cycling between the ER and Golgi rather than core Golgi. In any event, whether in spines or shafts or both, the dendritic localization of early secretory compartments strongly supports localized biosynthetic production of membrane and membrane proteins near postsynaptic compartments.
Elaboration of a dendritic arbor and extension of an axon define neuronal shape and are the key morphological features of neuronal maturation (Bradke and Dotti, 2000; Jan and Jan, 2001; Scott and Luo, 2001 ). Both processes involve large increases in the surface area of the plasma membrane that require selective targeting of integral membrane proteins (Higgins et al., 1997 , Burack et al., 2000 Sampo et al., 2003) as well as massive production of lipid membranes and surface incorporation via exocytosis (Bradke and Dotti, 2000; Martinez-Arca et al., 2001) . Our findings indicate that this period of process extension and surfacearea expansion is accompanied by marked growth of the neuronal Golgi and fragmentation into dendritic Golgi outposts. In non-neuronal cells, such as migrating fibroblasts (Kupfer et al., 1983) and budding yeast (Finger and Novick, 1998) , the spatial orientation of secretory organelles can direct exocytosis for specific membrane domains. Expansion of the Golgi-associated secretory apparatus in developing neurons may similarly be polarized to accommodate the increased demand for surface membrane during process outgrowth. Moreover, expansion and dispersal of secretory organelles may regulate neuronal morphology. In axons, new membrane is added at the tips of extending 
